Introduction
Prenatal exposure to antiepileptic drugs (AEDs) increases the risk of major congenital malformations (MCMs) from the background risk of 1-2% to between 4% and 9%. [1] [2] [3] [4] Previous studies, including those from the UK Epilepsy and Pregnancy Register, have shown that use of valproate, both as monotherapy and as part of a polytherapy regimen, is associated with a higher risk of MCMs than for other AEDs such as carbamazepine and lamotrigine. Several studies have also shown a trend towards a positive dose response for MCMs and valproate, particularly for doses over 1000 mg daily. [4] [5] [6] [7] [8] Animal studies have suggested that the increased rate of MCMs with valproate may be related to peak plasma concentration, as well as the total daily dose. 9 Using a controlled release formulation of valproate results in reduced peak plasma concentration and smaller diurnal fluctuations than standard valproate. 10 Therefore, using a three or four times daily regimen, or use of a controlled release formulation of valproate, to minimise high plasma concentrations has been proposed as possibly being of benefit and has been included in a number of guidelines. [11] [12] [13] [14] There have been no published clinical studies investigating the validity of this approach. If confirmed this could have a significant impact on the treatment options available to women of childbearing age with epilepsy, in particular those with
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generalised epilepsy syndromes, where valproate is more effective than other AEDs. 15 
Methods
The UK Epilepsy and Pregnancy Register is a prospective, observational, registration and follow-up study that was set up to determine the relative safety of all AEDs taken in pregnancy. In this report we have focussed on all pregnancies that were exposed solely to valproate during the first trimester from December 1996 through April 2010.
Registration and follow up forms as well as the UK Epilepsy and Pregnancy Register computer database were reviewed for all women having registered a pregnancy on valproate monotherapy. Suitable cases were women with epilepsy who became pregnant whilst taking valproate (either standard release valproate or controlled release valproate) in monotherapy and who were referred before the outcome of the pregnancy was known. The main outcome measure was the MCM rate. The rate of minor congenital malformations (mCM) was also recorded. Full methodological details have been published previously. 4 Recording of serum levels of AEDs, including valproate, is not part of the methodology of the UK Epilepsy and Pregnancy Register and were therefore not available for this study. Valproate preparation and dose is recorded at registration only in the majority of cases. A MCM was defined as an abnormality of an essential embryonic structure requiring significant treatment and present at birth or discovered in the first 6 weeks of life. Disorders not conforming to this definition were assigned as mCMs based on the definitions and lists of disorders in the EUROCAT registry. 16 MCM and mCM rates were calculated for standard release valproate and controlled release valproate at any dose and at doses below and above 1000 mg daily. We also attempted to estimate the potential influence of peak plasma valproate concentrations by comparing malformation rates in women taking standard release valproate with those taking controlled release valproate or divided doses of standard valproate.
Statistical analysis
Malformation rates were calculated as [(total number of live births with a malformation) + (total number of pregnancy losses with a malformation)]/[(total number of live births) + (total number of pregnancy losses with a malformation)]. For each malformation rate, 95% confidence intervals (95% CI) were calculated using the traditional method. 17 Relative risks with 95% CI were used to compare groups. Student's t-test, ANOVA and Chi-squared tests were used in comparison of characteristics between groups. Significance was determined at p < 0.05. Data for drug dose and administration schedule were not recorded for some patients. These patients were excluded from the groups comparing drug dosage and frequency of administration, irrespective of the outcome of the pregnancy. 
Results
Through April 2010, outcome data were available for 1109 pregnancies exposed to valproate as monotherapy. Of these, 1044 pregnancies (94.1%) resulted in a live birth and 65 (5.9%) a pregnancy loss. Seven additional pregnancies were lost to follow up and are not included in analysis. Valproate dose and administration schedule was not recorded in 24. Patient characteristics and pregnancy outcome data are outlined in Table 1 . Eight hundred and fourteen patients (73.4%) were exposed to standard release valproate and 295 (26.6%) to controlled release valproate. There were no statistical differences between the groups in terms of mean gestational age, preconceptual folic acid intake and family history of MCMs (Table 1) .
The total MCM rate for all valproate exposures was 6.7% (95% CI: 5.2-8.2%) and for mCMs 7.7% (95% CI: 6.1-9.3%) ( Table 2 ). Forty-six point two percent were exposed to a total daily dose of 1000 mg or more and 53.8% to less than 1000 mg a day. The risk of MCM increased with total daily dose ( Fig. 1) with the risk in the high dose group being almost double that of the low dose group (8.9% vs 4.9%; RR 1.8 (95% CI: 1.1-2.9)). This pattern was also seen for mCMs (9.1% with total daily doses at or above 1000 mg vs 5.8% for total daily doses less than 1000 mg; RR 1.2 (95% CI: 1.0-2.5)).
The risk for MCMs and mCMs did not vary depending on whether valproate was prescribed as standard or controlled release. The relative risk (RR) for MCMs for those exposed to controlled release valproate compared with standard release valproate was 1.1 (95% CI: 0.7-1.8). The proportion of those exposed to a total daily dose of 1000 mg or more was similar for the standard and controlled release groups. No significant difference in the risk of MCMs was noted between these groups (RR 1.2 (95% CI: 0.6-2.1)).
Two hundred and fifty one patients took standard release valproate once daily with 832 either taking controlled release valproate or standard release valproate, administered twice daily or more (divided dose group). MCM rates were no different for those pregnancies exposed to once daily standard valproate compared with those taking either controlled release valproate or standard release valproate in divided doses (RR 1.0 (95% CI: 0.6-1.7)). This was also the case when pregnancies exposed to less than 1000 mg a day or to 1000 mg a day or more were considered (RR 0.6 (95% CI: 0.3-1.1)).
Overall there were no significant differences between the types of MCMs seen in those exposed to standard release and controlled release valproate (p = 0.99) ( Table 3) . Clefting abnormalities, however, were almost five times more common in those exposed to standard release valproate, with hypospadias and other disorders of the genitourinary tract being almost twice as likely in those exposed to controlled release valproate.
Discussion
The MCM rate observed for valproate exposed pregnancies in this study at 6.7% was lower than that reported by other groups, where rates ranging between 8.3% 9 and 16.8% 6 have been recorded.
A trend towards increasing MCM risk with higher total daily valproate dose has been previously observed in studies by the UK Epilepsy and Pregnancy Register, EURAP, the North American AED Pregnancy Registry and the Australian Epilepsy and Pregnancy Registry. [4] [5] [6] [7] [8] In keeping with this, we found a statistically significant positive dose response with almost a doubling of risk for those exposed to more than 1000 mg per day compared with those on less than 1000 mg per day (8.9% vs 4.9%). Use of controlled release valproate did not significantly alter the risk for MCMs, irrespective of total daily dose. Likewise, the risk for MCMs and mCMs was not affected by the number of daily administrations of valproate. This was demonstrated by the similar rates of MCMs, irrespective of total daily dose, for pregnancies exposed either to a single dose of valproate and those exposed to divided daily doses of controlled release valproate. The types of MCMs were similar for those exposed to standard and controlled release valproate. Clefting abnormalities, however, were almost five times more likely in those exposed to standard release valproate and hypospadias and other disorders of the genito-urinary tract almost twice as common in those exposed to controlled release valproate. These findings were not statistically significant and demonstrate the very large number of pregnancies that would be required to detect such differences, if they exist. One obvious criticism of our study is that we did not record serum valproate levels. None of the national or international epilepsy and pregnancy registries record this information. 18 Conducting such a study where valproate levels were recorded would be difficult since it would require repeated trough and peak serum valproate levels to be recorded throughout the pregnancy. Considering MCMs only and taking into account the different periods that are important for organogenesis would clearly require very detailed study in the first trimester.
That peak serum levels of valproate may be an important determinant for the risk of MCMs has been shown in a mouse model which compared the effects of a conventional injection regime of valproate and a steady drug infusion delivered by implanted minipumps. In this study, a 10 times higher dose was required in the infusion regimen to produce neural tube defect rates at a rate similar to that observed in the injection regimen (up to 60% of foetuses). Higher rates of embryolethality and foetal weight retardation were noted however with the implanted minipumps. 9 Prescribing valproate as a continuous infusion is clearly not feasible in humans were the only practical means available to minimise peak valproate concentrations are to reduce the dose, split it into multiple daily administrations or prescribe controlled release valproate. Our results, in contrast to the study in mice, 9 showed that attempting to minimise peak serum concentrations has no significant effect on MCM risk and that it is only by reducing the total daily dose of valproate that the risk for MCMs and mCMs can be lowered. We have therefore not been able to substantiate the advice that for women planning pregnancy, or who become pregnant, while taking valproate, that the daily dose should be split and controlled release valproate prescribed. [11] [12] [13] [14] In the absence of any definite harm we would however still advocate this approach. Clearly in some women increasing the frequency of drug administration can reduce adherence, and discussion of the risks and benefits is vital before recommending multiple daily administrations. This is the first report to study the effects of formulation and dosage administration schedule for valproate in pregnancy and there will be an opportunity for the other epilepsy and pregnancy registers to do the same. Furthermore, with increasing evidence that valproate can have an even more significant effect on cognitive development and behaviour, [19] [20] [21] [22] [23] [24] [25] [26] which also appears to be dose related, further work is clearly needed to determine the importance of drug formulation and dosage regime.
